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Abstract: The magnesian smectite hectorite is a corrosion product frequently detected in 
nuclear waste glass alteration experiments. The structural incorporation of a single trivalent 
lanthanide was previously demonstrated. Hectorite was presently synthesized, for the first 
time, in the presence of several lanthanides (La, Eu, Yb) following a multi-step synthesis 
protocol. The smallest-sized particles (nanoparticles, NPs) were isolated by centrifugation 
and analyzed by asymmetrical flow field-flow fractionation (AsFlFFF) coupled to ICP-MS, 
in order to obtain information on the elemental composition and distribution as a function of 
the size. Nanoparticles can be separated from the bulk smectite phase. The particles are able 
to accommodate even the larger-sized lanthanides such as La, however, with lower 
efficiency. We, therefore, assume that the incorporation proceeds by substitution for 
octahedral Mg accompanied by a concomitant lattice strain that increases with the size of 
the lanthanides. The presence of a mixture does not seem to affect the incorporation extent 
of any specific element. Furthermore, syntheses were performed where in addition the 
tetravalent zirconium or thorium elements were admixed, as this oxidation state may prevail 
for many actinide ions in a nuclear waste repository. The results show that they can be 
incorporated as well. 
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1. Introduction 
Vitrified high level nuclear waste (HLW) placed in steel canisters is considered as an appropriate, 
long-term stable waste form for disposal in deep geological repositories. Over geological time scales, 
(ground) water intrusion cannot be neglected, resulting in possible canister failure and, ultimately, glass 
corrosion. Earlier laboratory studies simulating the alteration of HLW glass have identified numerous 
corrosion products, the nature of which depends on the initial source, i.e., the glass formulation and the 
water composition [1]. The presence of radionuclides (RNs) during the formation of such corrosion 
products in aqueous environments opens the possibility of a structural retention, thus leading to an 
efficient retention mechanism. However, the potential release of colloidally-stable nanoparticulates from 
those alteration layers represents a potential RN migration vector. Clay nanoparticles have been 
identified as secondary phases in the glass alteration layer [2,3] and were characterized as partially-
crystalline smectite [4]. Due to their small size and relatively high surface area, partly induced by 
isomorphic substitution, smectite clay particles are known to exhibit high colloidal stability depending 
on given groundwater conditions. 
The magnesian smectite hectorite has been detected in the glass alteration layer [5–7]. Some studies 
reported hectorite syntheses in the presence of the trivalent actinide curium [8,9] or of its non-radioactive 
chemical surrogate europium [10] following a multi-step synthesis protocol using brucite as a precursor 
phase [11]. For these cations, luminescence spectroscopy data suggested the incorporation in the bulk 
structure from the early stage synthesis. X-ray absorption spectroscopy (XAS) experiments have also 
been performed for hectorite crystallized in the presence of lutetium [12], europium [13] or americium [14]. 
Structural data such as coordination numbers and bond lengths were consistent with a location of the 
trivalent lanthanide (Ln) / actinide (An) in an octahedral environment into the precursor phase and in the 
final crystalline smectite product. Significant differences in the chemical environment of the different 
metal ions with different ionic radii were not observed. The studies concluded that the incorporation is 
only possible by substituting for Mg at octahedral site with concomitant distortion of the structure around 
the substituted element because of the size mismatch [15] with cations typically occurring at clay 
octahedral site (e.g., r(VIMg(II)) = 0.72 Å, r(VI(Li(I)) = 0.76 Å, r(VIFe(III)) = 0.65 Å, r(VIFe(II)) = 0.78 Å). 
Nevertheless, those studies provided a proof of principle that large cations can be incorporated into the 
clay crystal structure. 
Recent studies reported the analysis of the stable nanoparticles (NPs) fraction of a hectorite 
suspension synthesized in the presence of Lu or Eu [13,16]. The NPs were separated from the “bulk” 
suspension by centrifugation and analyzed by application of the asymmetrical flow field-flow 
fractionation (AsFlFFF) method coupled to an ICP-MS detector. AsFlFFF is a chromatographic-like 
technique used to separate particles according to their size. Hyphenation to sensitive analytical 
techniques such as ICP-MS allows the simultaneous determination of the corresponding elemental 
compositions. The coupling to sensitive detection techniques was first reported in 1992 [17] and is 
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intensively used nowadays [18–23] in various fields such as food science and technology [24], 
pharmaceutical, biomedical, biological and toxicological analysis [25–30], and in environmental 
engineering science [16,31–53]. 
In an earlier investigation [13], we showed that the AsFlFFF/ICP-MS characterization of a suspension 
containing hectorite NP synthesized in the presence of Eu was consistent with the results of the XAS 
analysis of the bulk. This indicates that NPs and bulk hectorite material had similar structures and 
compositions and demonstrates that the NPs extracted from the bulk can be considered as miniatures of 
the macrocrystallites. 
In all reported studies so far, only one element was used in the hectorite co-precipitation experiments 
and information on the chemical environment was obtained by application of element-specific 
spectroscopic techniques, such as time-resolved laser-induced fluorescence spectroscopy (TRLFS) or 
XAS [8,10,12]. However, upon HLW glass corrosion, numerous RN of various sizes and oxidation states 
will be released and, thus, possibly be present during the neo-formation of the secondary phases. 
Naturally occurring clay minerals, such as the Fe-rich smectite nontronite from Eolo Sea mount [54] or 
the mixed-layer illite-smectite from the sedimentary Bowen basin (Australia) [55], contain the whole 
series of lanthanides and their content is dependent on the ionic radius, meaning that the clays are 
enriched in heavier (i.e., smaller) elements [56]. In order to verify whether the ionic radii have a similar 
impact on trace element incorporation in natural clays as for the laboratory synthesis route, we 
crystallized hectorite from a brucite precursor phase, precipitated in the presence of La, Eu, and Yb. 
Separately, hectorite is synthesized once again in the simultaneous presence of La, Eu, Yb and with, in 
addition, as a preliminary investigation, tetravalent elements Zr(IV) or Th(IV) to test their possible 
incorporation. The NPs were isolated from the bulk by centrifugation and analyzed by AsFlFFF coupled 
to ICP-MS in order to investigate the influence of the cation size on the incorporation. 
2. Experimental Section 
2.1. Hectorite Synthesis and Nanoparticles Separation 
All samples were prepared using ultra-pure water (Milli-Q system (Millipore), 18.2 MΩ·cm) and 
reagents of ACS grade or higher. Stock solutions of individual lanthanide ([La] = 102 mmol.L−1,  
[Eu] = 95 mmol.L−1, [Yb] = 49 mmol.L−1) were prepared by dissolving the corresponding oxide (La2O3, 
Eu2O3 or Yb2O3, all from Alfa Aesar, Reacton 99.999% (REO)) in 2% HClO4. The sources of Zr and Th 
were ZrO(NO3)2·H2O (Aldrich) and ThCl4 dissolved in 1 M HCl and 0.93 M HCl, respectively, to obtain 
final stock solutions concentrations of [Zr] = 79 µmol.L−1 and [Th] = 41 mmol.L−1. MgCl2·6H2O, LiF 
or LiOH and Si sol Ludox HS-30 (Aldrich) were used for the hectorite crystallization. 
Hectorite containing La, Eu and Yb (sample 3LnCopHec) was synthesized following a multi-step 
synthesis protocol described in previous studies [10] and adapted from a procedure developed earlier [11]. 
Brucite was first precipitated in the presence of the three lanthanides. For that, 32 mmol Mg were 
dissolved in ultra-pure water (~200 mL), the individual lanthanides were added (47.7 µmol La, 45.7 µmol 
Eu and 64.4 µmol Yb) and brucite was precipitated under vigorous stirring by adding 2 M NH4OH  
(pH final ~9.5). The suspension was then centrifuged (45 min at ~2100 g, Megafuge 2.0 R, Thermo 
Scientific, Heraeus Instrument) and the supernatant discarded. The lanthanide content in the supernatant 
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was not quantified. Nevertheless, at this pH the lanthanide solubility is low and earlier luminescence 
data for Cm [8] indicated that >99% of the initially added actinide was structurally incorporated in the 
brucite precursor and that ~50% of the Cm(III) remained structurally incorporated after hectorite 
cristallisation, while the rest stayed surface adsorbed. Thus, we assume that they are quantitatively 
associated (adsorbed or incorporated) with brucite. This brucite precursor was then thoroughly washed 
with ultra-pure water in several centrifugation cycles. The resulting slurry was refluxed in the presence 
of LiF in an oil bath for 30 min, the Si sol (48 mmol Si) was added and the suspension was left to react 
under reflux for 3 days. After cooling, the synthetic clay suspension was centrifuged, the supernatant 
discarded and shortly washed at pH 3 (HCl) to remove any unreacted precursor that may be present, and 
finally thoroughly washed again with ultra-pure water. The hectorite is kept in ultra-pure water. 
Hectorite containing La, Eu, Yb, and Zr, sample 3LnZrCopHec, was synthesized similarly. Brucite 
was first precipitated in the presence of all the elements. For that, 23.8 mmol Mg were dissolved in  
ultra-pure water (~400 mL), then the individual elements were added (35.2 µmol La, 33.7 µmol Eu,  
47.5 µmol Yb, 23.7 µmol Zr and 1.2 mmol Li). The brucite was precipitated under vigorous stirring by 
adding quickly 10 M NaOH (pH final ~11). Immediately after, this precursor was thoroughly washed 
with ultra-pure water in several centrifugation cycles. The resulting slurry was refluxed in the presence 
of LiF (6.3 mmol Li) in an oil bath for 30 min, the Si sol (36.0 mmol Si) was added to crystallize the 
smectite and the suspension was left to react under reflux for 3 days. After cooling, the synthetic clay 
suspension was centrifuged, the supernatant discarded and shortly washed at pH 3 (HCl) to remove any 
unreacted precursor that may be present and, finally, thoroughly washed again with ultra-pure water. 
Hectorite containing La, Eu, Yb, and Th, sample 3LnThCopHec, was synthesized similarly using the 
following amounts: 16.0 mmol Mg, 23.8 µmol La, 22.8 µmol Eu, 32.2 µmol Yb, 18.7 µmol Th and  
1.1 mmol Li mixed in solution to precipitate the brucite precursor (pH final ~10). 4.3 mmol Li and  
24.5 mmol Si were then added to crystallize the smectite. The brucite washing, hectorite crystallization 
and final clay washing were identical. 
The mineralogical characterization of the synthetic hectorite samples was determined by X-ray 
diffraction. Data were collected with a D8 Advance (Bruker) diffractometer (Cu Kα radiation) equipped 
with an energy-dispersive detector (Sol-X). An example of XRD pattern collected for the hectorite 
synthesized in the presence of La, Eu, Yb, and Th, and prepared as an oriented sample, is shown in the 
Appendix. Only smectite could be detected on the diffractogram; no other (crystalline) phase could be 
evidenced, i.e., no brucite precursor phase was detected. The presence of trace amounts of dopants, thus, 
did not affect the smectite synthesis procedure. 
The NPs were separated from the “bulk” particles by centrifugation of 15 mL homogeneous 
suspension for 35 min at ~2700 g (Megafuge 2.0 R, Thermo Scientific, Heraeus Instrument). The resulting 
supernatants containing the NPs had pH values of 8.2 (3LnCopHec-sup), 8.0 (3LnZrCopHec-sup) or  
8.5 (3LnThCopHec-sup) and were kept in contact with the settled solid until analysis. The repeatability 
of this separation protocol has already been checked [13,16]. The Mg, La, Eu, Yb, Zr, and Th 
concentrations were determined during AsFlFFF/ICP-MS experiments and the Mg/Si molar ratio from 
separate ICP-OES (Optima 2000 DV) measurements (Table 1). Compared to the theoretical value of 
Mg/Si = 0.67, the molar ratio indicates that the Si is in excess in the present hectorite syntheses and is 
assigned to the presence of amorphous Si [57]. 
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Table 1. Elemental composition and Mg/Si molar ratio of the supernatant before dilution for 
AsFlFFF analysis. 
Element  
(Ionic radii rVI [15]) 
/ Sample 
Mg 
(0.72 Å) 
La 
(1.03 Å) 
Eu 
(0.95 Å) 
Yb 
(0.87 Å) 
Zr 
(0.72 Å) 
Th 
(0.94 Å) 
Mg:Si 
(mol:mol) 
3LnCopHec-sup 
mg.L−1 
mmol.L−1 
 
72 ± 4 
3.0 ± 0.2 
 
0.71 ± 0.01 
0.0051 ± 0.0001 
 
0.81 ± 0.01 
0.0053 ± 0.0001 
 
1.13 ± 0.01 
0.0065 ± 0.0001 
- - 0.50 ± 0.02 
3LnZrCopHec-sup 
mg.L−1 
mmol.L−1 
 
49 ± 3 
2.0 ± 0.1 
 
0.48 ± 0.02 
0.0034 ± 0.0001 
 
0.95 ± 0.04 
0.0063 ± 0.0001 
 
1.5 ± 0.1 
0.0087 ± 0.0005 
 
0.7 ± 0.1 
0.008 ± 0.001 
- 0.32 ± 0.02 
3LnThCopHec-sup 
mg.L−1 
mmol.L−1 
 
2629 ± 40 
108 ± 2 
 
22.5 ± 0.3 
0.162 ± 0.002 
 
26.6 ± 0.3 
0.175 ± 0.002 
 
33.9 ± 0.4 
0.196 ± 0.002 
- 
 
40.2 ± 0.5 
0.173 ± 0.002 
0.57 ± 0.02 
Before injection into the AsFlFFF system, the supernatant is diluted with the eluent (ultra-pure water 
at pH 9.3 by addition of NaOH) to reach 10–15 mg.L−1 Mg. 
2.2. Asymmetric Flow Field-Flow Fractionation (AsFlFFF) coupled to MALLS/ICP-MS Detectors 
The flow field-flow fractionation method is well-established and the reader is referred to [58,59] for 
the theoretical background. Examples of AsFlFFF application to investigate modes of lanthanide 
interaction with clay minerals can be found in [13,16,39]. 
As the equipment used in this study (HRFFF 10.000 A4F, Postnova analytics, Landsberg, Germany) 
has already been described in details in [39,60], only a brief description is given here. The suspension 
(solid (nano)particles suspended in a liquid phase) is injected into a thin, ribbon-like channel delimited 
by a PTFE spacer having a thickness of 500 µm, and the sample components (i.e., NPs) are eluted by a 
carrier solution. The carrier solution is ultra-pure water adjusted to pH 9.3 by the addition of ultra-pure 
NaOH (Merck, Germany), and is degassed prior to use in a vacuum degasser (PN7505 Vacuum 
Degasser, Postnova Analytics, Landsberg, Germany). Inside the channel, the carrier flow has a laminar 
parabolic profile and is under the action of a cross-flow (secondary perpendicularly applied flow field). 
This drives the components to the accumulation wall which is covered by an ultra-filtration membrane 
made of regenerated cellulose (5 kDa). This membrane retains sample components larger than the 
nominal molecular weight cut-off within the channel. The diffusion of the components back into the 
channel counterbalances the cross-flow. Particles with higher diffusion rates reach faster flow 
streamlines and are eluted more rapidly. In the “normal” elution mode, see Figure 1-I, smaller particles 
having higher diffusion rates are eluted ahead of larger ones. In the “steric” elution mode, see Figure 1-II, 
larger particles are eluted prior to smaller ones because they protrude into the higher-velocity flow 
streams located away from the channel walls [59]. Consequently, by injecting a suspension with a 
multimodal size distribution (i.e., a suspension having nanoparticles of various sizes), large particles 
eluted in steric mode cannot be unambiguously distinguished from smaller particles eluted in normal 
mode. Small particles can be mixed up with larger ones, or vice versa, as both might be eluted 
Chromatography 2015, 2 550 
 
simultaneously. However, the ambiguity can, for example, be lifted up by analyzing the effluent by laser 
light scattering (LLS) particularly sensitive to larger particles. 
 
 
Figure 1. ICP-MS fractograms (upper part: normal elution mode, lower part: steric elution 
mode) corresponding to a NPs suspension having a multimodal size distribution where A is 
a main structural constituent (black dots) and M a trace component interacting either by 
surface adsorption (M sorbed, red line) or by structural incorporation (M incorporated, green 
dots) in the particles. Resulting A/M ratios are indicated above the fractograms. 
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After fractionation, the effluent is first directed to a UV-VIS spectrophotometer (LambdaMax LC 
Modell 481, Waters, Milford, USA) and to a multi-angle laser light-scattering (MALLS) detector. For 
the MALLS detection, a 5 mW HeNe laser provides the incident light beam (λem = 632 nm) that is 
directed through the detector cell of 70 µL volume. The scattered light is detected by an array of  
18 photodiodes arranged at different angles relative to the incoming laser beam. The detection is 
performed by a commercial DAWN-DSP-F light-scattering photometer (Wyatt Technology Corp., Santa 
Barbara, USA). After the LLS detection, the effluent is mixed with 6% HNO3 containing Rh as internal 
standard at a constant flow rate of 0.5 mL.min−1 using a HPLC pump (Smartline Pump 1000, Knauer, 
Germany) via a T-piece and then introduced into the cross-flow type nebulizer of an ICP-MS (X-Series2, 
Thermo Scientific, Germany). The HPLC pump is equipped with an injection/switching valve (Knauer, 
Germany) and two injection loops (100 mL or 2.8 mL volume) which are used to inject standard 
solutions, in order to quantify the sample recovery and for concentration quantification. In this work, the 
laminar outflow rate is adjusted nominally to 0.4 mL.min−1 and the cross-flow rate is programmed to 
decrease linearly from 0.27 mL.min−1 (i.e., 40% of the total inflow) at the beginning of the procedure to 
0 mL.min−1 after 16 min (i.e., a 5 % decrease every 2 min). 
A series of polystyrene sulfonate (PSS) reference standards (Polysciences, Eppelheim, Germany) of 
different molecular weights (0.891, 1.67, 3.42, 6.43, 15.8, 33.5 kDa; or respective size diameters 1.5, 
2.0, 2.8, 3.8, 5.8, 8.2 nm see [60] for details) and a series of carboxylated polystyrene reference particles 
(Magsphere, USA) of different sizes (24, 60, 105, 207, and 420 nm) were used for size calibration. The 
calibration depends on various experimental conditions (membrane, eluent, flow rates, equipment, and 
operating time) and, thus, has to be checked carefully. Dispersions were freshly prepared in the carrier 
solution before injection. The PSS dispersions had a mass concentration of 100 µg.L−1 each, and the 
carboxylated polystyrene mass concentrations were 10, 5, 2, 2, and 10 mg.L−1 for the 24, 60, 105, 207, 
and 420 nm sizes, respectively. No overloading effect was observed by injection of 100 µL dispersion 
aliquots. At higher particle concentrations, electrostatic repulsion produces a continuous shift of the 
elution band to shorter elution times [61–63]. For the calibration of the AsFlFFF/ICP-MS arrangement, 
a solution containing the elements of interest in 6% nitric acid was prepared from ICP-MS standard 
solutions (Specpure (Alfa Aesar) and ICP Multi Element Standard Solution VI CertiPUR (Merck)). The 
methods for the conversion of raw ICP-MS fractogram data in counts per second (cps) into mass per 
second (ng.s−1) and the quantification of sample component recoveries have been explained earlier [60]. 
2.3. Photon Correlation Spectroscopy 
Complementary size informations are obtained by Photon Correlation Spectroscopy (PCS). The 
equipment is a homodyne single beam ZetaPlus System equipped with a 50 mW solid-state laser emitting 
at 632 nm (Brookhaven Inc, USA). For the PCS measurements, 3 mL of the supernatants obtained after 
centrifugation are placed in a disposable plastic cuvette and measured over two runs consisting of  
10 measurements of 15 s each, i.e., 20 measurements, for determination of mean hydrodynamic 
diameters. The corresponding volume-weighted diameter values (PCSV) are those which can be 
compared directly with the AsFlFFF data. 
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3. Results and Discussion 
3.1. Preliminary Considerations: Distinguishing Adsorption from Incorporation of Pollutant on/in 
Nanoparticles from an AsFlFFF/ICP-MS Fractogram 
Figure 1 shows examples for typical fractograms of a colloid sample with a multimodal size distribution 
and a main structural component A eluted either in normal mode (Figure 1-I) or in steric mode (Figure 1-II). 
Colloid elution according to the size is different in both modes. When assuming a trace component M 
being structurally incorporated in the particles, the ICP-MS signal ratio for both components A/M is 
expected to remain constant for all particle sizes, whatever the elution mode is. The recoveries for both 
components A and M are also expected to be similar. The situation is different if the trace component M 
is adsorbed on the colloid surface. The colloid associated amount of M should follow the surface area to 
volume ratio. As a consequence, the A/M ratio will increase continuously over the fractogram in the 
normal mode, whereas the ratio will decrease in the steric mode. Finally, the recoveries of A and M can 
be different if the sorption is fraction-dependent or if the desorption of M during fractionation depends 
on colloid size and residence time. 
The situation might be more complex in reality, if e.g., the incorporation is size dependent, if both 
adsorbed and incorporated species coexist in a sample or if the elution mode is not entirely clear. Careful 
inspection and interpretation of the fractograms are then required. 
3.2. Analysis of Hectorite Nanoparticles Synthesized in the Presence of La, Eu, Yb 
3.2.1. Fractograms and Particle Size Distribution 
Magnesium as a structural element of hectorite is used as an indicator for the dispersed NPs in 
suspension. Figure 2 presents the Mg-, La-, Eu-, and Yb-ICP-MS fractograms, representing the measured 
elemental mass as a function of the elution time for 3LnCopHec-sup. The laser light scattering (LLS) 
fractogram of the same sample (Figure 2) indicates an elution in normal mode as the intensity increases 
with the elution time. Fractograms were subsequently converted [59,60] into mass concentrations as a 
function of the hydrodynamic diameter according to the previously performed size calibration (Figure 3). 
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Figure 2. ICP-MS fractograms for Mg (black dots in a, b, and c), La (a), Eu (b), and Yb (c), 
and with laser light scattering (LLS) detection (d) obtained after injection of diluted 3LnCopHec-
sup. Data obtained for injection of 100 µL, mean of two injections, smoothed data. 
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Figure 3. NPs size distribution determined from Mg (black dots), La (red line), Eu (blue 
line), and Yb (green line) obtained after conversion of the data from Figure 2. 
The Mg fractogram of 3LnCopHec-sup (Figure 2) reveals the existence of NPs with a multimodal 
size distribution. These NPs remain thus dispersed after the centrifugation until the injection and 
measurement. No attempt was made to follow the evolution of the hectorite particles dispersed in the 
supernatant after this measurement. The first feature of the fractogram is located at t ~100 s (the void 
peak) and corresponds to non-retarded species. This peak has only low intensity and thus corresponds to 
a minor fraction of the sample. The signal recorded for longer elution times corresponds to hectorite 
particles. Their sizes range from 10 to 500 nm (Figure 3), with some peaks and shoulders clearly visible 
(Figure 2) at ~450 s (~19 nm), ~750 s (~64 nm), ~900 s (~123 nm) and ~1050 s (~239 nm). The mean 
value calculated from the AsFlFFF fractograms is (45 ± 3) nm. Multimodal size distributions have also 
been reported recently for NPs mobilized from bulk suspensions of hectorite synthesized under similar 
conditions in the presence of only Eu [13] or Lu [16]. In both studies, the elution occurred in normal mode 
and the eluted particles were of similar sizes, ranging from ~10 to 300 nm. The fractograms also had clear 
peaks and shoulders at ~22, 110, and 156 nm in the Lu study and at ~15, 70, 105, and 140 nm in the Eu 
study. Additionally, the smallest particles in 3LnCopHec-sup (~19 nm), in ColEuCopHec (~17 nm, [13]) 
and in ColLuCopHec (~22 nm, [16]) have similar sizes, close to the reported value (19.5 nm) obtained 
by line-shape analysis (XRD) for synthetic Li-hectorite (i.e., hectorite without interacted lanthanide) [11]. 
The corresponding mean volume-weighted diameter values (PCSV) is ~51 nm with particles detected in 
the size range varying from 25 nm to 260 nm. PCS and AsFlFFF data are thus consistent. These values 
are also consistent with small-angle neutron scattering (SANS) studies giving 33 nm as an average 
thickness of the clay stack of synthetic Li-hectorite particles [57]. Note that size information obtained 
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by AsFlFFF, giving a mean equivalent sphere diameter of the particle, is different from that obtained by 
XRD or SANS which provide information on the coherent scattering domain size (i.e., crystallite size in 
the direction perpendicular to the lattice plane) and on the thickness of the lamella, respectively. Sizes 
differing by a factor of 2 may thus be considered more or less identical. In conclusion, this finding 
indicates that the presence of a single, or several, lanthanide(s) during the hectorite synthesis does not 
affect the size of the nanoparticles that can be mobilized from the bulk. 
3.2.2. Lanthanides Interaction with Hectorite in 3LnCopHec-sup  
The Mg content in the NPs of sizes <10 nm (<300 s) is relatively low, while the contribution of the 
lanthanides increases significantly from Yb to La (Figure 2). Apparently a size-dependent association of 
the lanthanides to the hectorite takes place, excluding the larger sized Lns to form separate colloidal 
phases. The Ln exclusion does not take place during the first step of the hectorite synthesis, where the 
Ln(III) are completely incorporated into the brucite precursors [8]. As a consequence, larger sized 
cations are released during the clay crystallization after addition of silica and the formation of tetrahedral 
octahedral tetrahedral (TOT) layers. Such behavior may be explained by the incompatibility of the larger 
sized Ln(III) ions with the hectorite structure. Obviously Mg(II) replacement by larger- sized Ln(III) 
ions in the clay octahedral site induces excessive structural strain leading to expulsion and either Ln(III) 
adsorption on hectorite surfaces or formation of some kind of mixed silica colloids, as Si is present in 
excess. The peak at ~10 nm (~200 s) can thus be assigned to Ln(III) containing silica NP. 
For larger-sized particles in the size range 15–500 nm the ICP-MS-fractograms of the lanthanides 
(La, Eu, Yb) are correlated with each other and with the Mg pattern (Figures 2 and 3). The position of 
the maxima is the same and the shape of the Mg and Yb fractograms are almost identical. For Eu, a 
deviation becomes apparent in the sense that the relative association to smaller NP sizes decreases, which 
is even more pronounced for La. In addition, a significantly lower element recovery during fractionation 
is found for La as compared to Mg, Yb and Eu (Table 2). The Mg, Eu, and Yb recoveries are very similar 
to reported values [13,16]. Exact reasons for the only moderate recovery of Mg after fractionation in the 
channel are not presently known. Respective values are, however, very reproducible from one injection 
to another and very similar from one study to the other. 
The variation of Ln elution pattern becomes apparent on the fractograms by looking at the Mg/Mn+ 
molar ratios (Mn+: La, Eu or Yb) over the full size range. This ratio is almost constant for Yb, but 
decreases for increasing NPs sizes for Eu, and even more for La. The mean values of the molar ratio are 
reported Table 2: measured in the bulk suspension (named “bulk hectorite”) or in the NPs distribution 
(named “NPs”). 
For the smallest lanthanide Yb, the Mg:Yb molar ratio in the bulk hectorite is similar to that in the 
NPs of hectorite (Table 2). This reflects that Yb is almost entirely colloidal and, thus, associated with the 
hectorite NPs. In addition the ratio is quasi-constant, which suggests a homogeneous incorporation into 
the NP via a random substitution for Mg. This result agrees with data obtained for Lu-hectorite interaction 
studies as Yb has almost the same ionic radius [15] as Lu (r(VI(Lu(III)) = 0.86 Å, r(VIYb(III)) = 0.87 Å). 
The mean Mg:Eu molar ratio value (slightly lower in the bulk compared to the NPs, Table 2) might 
reflect a loss of element in agreement with the slight decrease in Mg/Eu molar ratio observed in the 
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fractogram for increasing size. This agrees with earlier studies [13] and indicates as well the 
incorporation in hectorite, though with a slight preference to larger particles not seen for Yb. 
Table 2. Elemental recoveries and Mg/Mn+ molar ratio for the different dispersions (Mn+: La, 
Eu, Yb, Zr, Th), bulk: as determined from direct ICP-MS measurements; NPs: as determined 
from the fractogram analysis. 
3LnCopHec-sup 
 Mg La Eu Yb 
Recovery (%) 
<300 s 
0.40 ± 0.05 7.9 ± 0.1 2.0 ± 0.1 3.8 ± 0.1 
Recovery (%) 
300–1800 s  
59 ± 4 45 ± 4 58 ± 4 63 ± 4 
Mg/Mn+ 
Molar ratios 
Bulk hectorite 
NPs: 400–1200 s 
- 
 
 
580 ± 40 
814 ± 90 
 
 
556 ± 38 
584 ± 42 
 
 
454 ± 30 
436 ± 19 
3LnZrCopHec-sup 
 Mg La Eu Yb Zr 
Recovery (%) 
<200 s 
0.28 ± 0.05 1.62 ± 0.02 0.89 ± 0.03 0.48 ± 0 03 4.9 ± 0.2 
Recovery (%) 
200–1800 s 
59 ± 2 63 ± 2 64 ± 2 65 ± 3 61 ± 1 
Mg : Mn+ 
Molar ratios 
Bulk hectorite 
NPs: 300–1100 s 
 
 
 
584 ± 60 
580 ± 38 
 
 
323 ± 34 
307 ± 13 
 
 
233 ± 30 
215 ± 5 
 
 
263 ± 20 
382 ± 38 
3LnThCopHec-sup 
 Mg La Eu Yb Th 
Recovery (%) 
<300 s 
0.03 ± 0.06 0.9 ± 0.1 0.69 ± 0.01 0.48 ± 0.03 1.6 ± 0.2 
Recovery (%) 
300–1800 s 
64 ± 2 64 ± 2 68 ± 2 69 ± 2 66 ± 3 
Mg : Mn+ 
Molar ratios 
Bulk hectorite 
NPs:400–1200 s 
- 
 
 
668 ± 20 
688 ± 48 
 
 
618 ± 17 
591 ± 35 
 
 
552 ± 15 
518 ± 17 
 
 
624 ± 18 
622 ± 60 
The clear difference in the Mg:La molar ratios between the bulk and the NPs of hectorite indicates 
clearly that part of La is not associated with the colloidal hectorite NPs. This agrees with the La 
fractogram presented Figure 2 showing the elution of a separate La colloidal phase. Furthermore, a 
significant enrichment into hectorite NP of larger size is found for La, discernable by the pronounced 
Mg/La molar ratio decrease with elution time. This definitely does not indicate an adsorption process, 
which would result in the opposite trend (see Figure 1). The experimental finding is currently explained 
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by a preferential incorporation into larger brucite precursor particles during clay crystallization. Larger-
sized brucite particles may provide a better compensation of strain and distortion induced by La 
substitution for Mg in octahedral edge sites. Smaller brucite particles cannot compensate the distortion 
or less easily. Additionally, as La is expected to be randomly distributed in brucite, fewer La atoms are 
expected to be located close to the brucite particle edges with increasing particle sizes. When located 
close to the particles edges, La ions may be expelled easier from the mineral than in the case of La ions 
positioned in the inner part of the crystal lattice. Additionally, structural distortion may be higher at the 
particle edges as compared to the center and, thus, the La release would be favored when located at 
distorted octahedral edge sites. This reasoning may explain the lower La content in the smaller particles. 
Because the structure is less distorted for incorporated Eu or Yb with smaller ionic radii, the release is 
far lower for these smaller cations. Finally, the elemental recoveries and the size dependent Mg/Mn+ 
ratio pattern both clearly indicate a dependence of Ln incorporation on ionic radius. 
This finding made for NP synthesized in the laboratory is consistent with the shape of well-known 
lanthanide pattern found in natural sedimentary clay minerals. They also contain trace amounts of 
lanthanides and their abundance usually decreases with increasing ionic radius [54–56]. Adding Ln ions 
separately or in a mixture apparently neither changes recovery nor Mg/Mn+ ratio pattern, at least for Yb 
and Eu. Under the experimental conditions applied in the present work, Ln ions are quite diluted and 
incorporated in a highly dispersed way. Thus, Ln-Ln interaction effects apparently do not play a 
significant role as already observed in XAS studies [12]. 
3.3. Analysis of Hectorite Nanoparticles Synthesized in the Presence of La, Eu, Yb and Zr or Th 
3.3.1. Fractograms and Particle Size Distributions 
Figure 4 presents the Mg-, La-, Eu-, Yb-, and Zr-ICP-MS fractograms, representing the measured 
elemental mass as a function of the elution time, after injection of 3LnZrCopHec-sup. The ICP-MS 
fractograms of Mg, La, Eu, Yb, and Th obtained after injection of the suspension 3LnThCopHec-sup are 
presented in Figure 5. The Mg-fractograms show that hectorite NPs are present in the two suspensions. 
Figures 4 and 5 contain also the LLS fractograms but compared to Figure 2, they show that the signal is 
high at the beginning of the elution fractogram which indicates the presence of large particles. The results 
obtained for the same supernatants injected following an on-line filtration at 450 nm confirm this 
statement. Less than 7% of Mg is recovered for 3LnZrCopHec-sup and even less (<3%) for 
3LnThCopHec-sup in the size range 600–1500 s. In agreement, PCS data indicate the presence of broad 
size distribution in the range 50 nm up to 1.5 µm for the unfiltered dispersion. One can thus conclude 
that the elution occurs at least partly in steric mode after injection of those two supernatants. The 
corresponding fractograms are consequently only presented in measured mass as a function of the elution 
time and are not converted in mass as a function of the hydrodynamic diameter. 
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Figure 4. ICP-MS fractograms, in mass per time, of Mg (black dots in a, b, c, and d),  
La (a), Eu (b), Yb (c), Zr (d), and laser light scattering (LLS) fractogram (e) obtained after 
injection of diluted 3LnZrCopHec-sup. Data obtained for injection of 100 µL, mean of two 
injections, smoothed data. 
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Figure 5. ICP-MS fractograms, in mass per time, of Mg (black dots in a, b, c, and d),  
La (a), Eu (b), Yb (c), Th (d), and laser light scattering (LLS) fractogram (e) obtained after 
injection of diluted 3LnThCopHec-sup. Data obtained for injection of 100 µL, mean of two 
injections, smoothed data. 
Chromatography 2015, 2 560 
 
The particle size distributions of the suspensions 3LnZrCopHec-sup and 3LnThCopHec-sup appear 
broader compared to the suspension 3LnCopHec-sup. The presence of trace amounts of tetravalent Zr 
or Th can hardly explain the difference. A reason might be the significant difference in chemical 
conditions during the brucite precursor synthesis and, notably, the resulting ionic strength in the final 
suspension. In the original 3LnCopHec suspension, the base used to precipitate brucite was 2 M NH4OH. 
For the suspensions with tetravalent element, the brucite was precipitated by addition of 10 M NaOH to 
a solution of either 0.93 M HCl (Th stock solution) or 1 M HCl (Zr stock solution). The final pH achieved 
by using NH4OH was ~9.5 and by using NaOH, it was ~11. Literature data [64,65] show clearly that 
differences in temperature, pH of the suspensions or nature of the base counter-ions drastically affect 
the brucite crystals growth. Accordingly, using 10 M NaOH instead of 2 M NH4OH as used previously 
might be considered as the main parameter influencing the nucleation rate and thus the polydispersity of 
the brucite particles formed. Consequently, the resulting TOT assemblages of hectorite clay particles 
which have a similar width and length as their brucite precursors are of larger sizes. 
3.3.2. Lanthanides and Tetravalent Elements Interaction with Hectorite in 3LnZrCopHec-sup and 
3LnThCopHec-sup 
For the suspensions 3LnZrCopHec-sup and 3LnThCopHec-sup, except for Zr, the similarities 
between the “bulk hectorite” and the “NPs” molar ratios (Table 2) reflect that the elements are bound to 
the hectorite NPs. A part of the Zr may also form a separate (colloidal) phase. 
In general, on the fractograms, a similar elution pattern is observed for all the elements, pointing to 
an at least partial incorporation into hectorite particles. Nevertheless, the Zr- and Th-fractogram pattern 
reveal a higher variability as compared to those of Yb or Eu and are similar to those found for La. Similar 
conclusions as have been drawn for hectorite NPs containing only lanthanides can thus been drawn. 
For the smallest lanthanide (Yb) the Mg:Yb molar ratio again is constant over the entire size range 
for both supernatants (Figures 4 and 5, and Table 2) indicating a very homogeneous incorporation into 
all hectorite size fractions, which apparently is not affected by the presence of Zr or Th. 
Molar ratios for Eu, La, Zr (Figure 4) or Th (Figure 5) related to Mg show a clear dependence on the 
elution time. Assuming a predominant elution in steric mode for the Zr-containing sample, the slight 
increase of the Mg:Mn+ ratio might be interpreted as a slight depletion in elements for decreasing 
hectorite particle sizes (Figure 1). This is consistent with our previous observations (Figure 2) in absence 
of tetravalent element. For the Th-containing sample, such a clear relationship is not observed. We 
assume that, due to the wide particle size range, the elution mode consists of a complex superposition of 
steric and normal size fractionation.  
Interestingly, the higher La recoveries (63% ± 2% and 64% ± 2%) recorded for 3LnZrCopHec-sup 
and 3LnThCopHec-sup, respectively, might be related to the presence of larger-sized particles than 
found in the 3LnCopHec-sup sample. This is a further indication that the larger the particle size, the 
better the tolerance of the hectorite crystals for larger cation incorporation. The Zr(IV) ionic radius is 
similar to that of Mg (r(VI(Zr(IV)) = 0.72 Å, r(VIMg(II)) = 0.72 Å) and, thus, should show a better 
compatibility with the hectorite structure than found for e.g., Th and La. However, the charge is double 
than that of Mg(II) and, thus, requires significant charge compensation. Hydrolysis and formation of Zr 
oxihydroxide colloids may, furthermore, act as a competing reaction during hectorite synthesis [66,67]. 
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Such small Zr oxihydroxide colloids might be visible in the early elution part of the fractogram (between 
100 and 300 s) and explain the difference between the bulk and the NPs molar ratios 
For the somewhat larger-sized Th(IV) ion (r(VI(Th(IV)) = 0.94 Å), basically the same observations 
are made as for Zr(IV). In conclusion, the data show that both Th and Zr can substitute for some Mg in 
the brucite precursors. Nevertheless, the elution in mixed modes heavily complicates the interpretation 
of the data. To allow for a better and straightforward interpretation, different separation program would 
have been necessary. 
4. Conclusions 
Hectorite was synthesized in the simultaneous presence of several lanthanides and tetravalent cations 
following a multi-step synthesis protocol. The smallest particles were isolated by centrifugation and 
analyzed by AsFlFFF/ICP-MS to gain insight into the elemental content as a function of the particle 
size. The comparison of molar ratios for Mg and those of the co-precipitated trivalent and tetravalent 
elements is taken to discuss possible incorporation reactions. 
The synthesis of hectorite NPs in the presence of a mixture of several lanthanide ions does not show 
different results as compared to synthesis in the presence of a single Ln ion. AsFlFFF/ICP-MS results 
show significant differences neither in the extent nor in the size-dependent incorporation. Apparently, 
the ionic radius of the Ln ion determines the extent of incorporation in agreement with general 
considerations that larger-sized ions are less easily accommodated by the hectorite crystal lattice. Strain 
and structural distortion appear to be less pronounced for larger particles. The data show, for the first 
time, that some tetravalent elements, Zr(IV) and Th(IV), can be incorporated into hectorite nanoparticles, 
at least at trace concentrations. 
Under particular conditions, radionuclides may be incorporated into nano-sized hectorite or other 
clay-like secondary phases forming during corrosion of vitrified HLW. Accordingly, the hectorite NPs 
might be considered as simulates for radionuclide-bearing NPs which can be generated in a deep 
geological repository. Inflow of, e.g., low ionic strength groundwater can, in principle, mobilize such 
particles, which then might act as RNs carriers if and only if they are stable under the specific 
(geo)chemical conditions and if the structural retention is not reversible. This still needs to be 
demonstrated. It is clear that under the given conditions of corroding borosilicate glass in a repository, 
kinetics and geochemical parameters will be clearly different from the synthesis conditions in the present 
study. Nevertheless, our results can be considered as a proof of principle that incorporation of 
lanthanides/actinides into hectorite NPs is possible. 
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Appendix 
 
Figure A1. X-ray diffractogram of the hectorite synthesized in the presence of La, Eu, Yb, 
and Th. The number in parentheses indicate the lattice planes. Only smectite could be 
detected on the diffractogram, no other (crystalline) phase could be evidenced, i.e., no brucite 
precursor phase was detected. The presence of trace amounts of dopants thus did not affect 
the smectite synthesis procedure. 
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